Introduction
============

The neurodegenerative dementias represent a major threat to the health and welfare of today\'s ageing population. Of them, Alzheimer\'s disease (AD), with or without cerebrovascular disease, is the most common, accounting for 50-80 per cent of cases \[[@B1]\]. Lewy body disease (LBD) follows, making up at least another 20 per cent of cases \[[@B2],[@B3]\]. Together, the two inflict significant human suffering and mortality, with associated economic costs approaching 140 billion US\$ for AD alone \[[@B4]\]. This problem will only worsen over time. The prevalence of AD doubles every five years after the age of 60, and estimates now place its prevalence in the extreme elderly at 30-50 per cent \[[@B5]\]. In early 2000, it was estimated that the number of people suffering from dementia worldwide ranged between 24 and 25 million, and this is predicted to increase to 60-114 million by 2050 \[[@B6]-[@B9]\].

Symptomatic treatment for AD and LBD includes cholinesterase inhibitors (ChEIs), which increase synaptic levels of the neurotransmitter, acetylcholine. Several randomised, controlled trials (RCTs) of ChEIs in AD have demonstrated variable rates of improvement, ranging between 18 and 48 per cent \[[@B10]\]. Their beneficial effects, demonstrated through meta-analyses, are modest in terms of cognitive and global measures of response \[[@B10],[@B11]\]. Furthermore, adverse effects associated with ChEIs are not benign and may limit their use in individual patients. With an 8 per cent occurrence rate compared with placebo \[[@B10]\]. These drugs are also costly, and, given their modest benefit and potential for adverse effects, the cost-effectiveness of ChEIs has been brought into question \[[@B11]\].

Significant effort is underway to develop disease-modifying treatments for these conditions, and, despite many promising new therapies in the pipeline,\[[@B12]\] several of these have failed to show any significant benefit and/or are plagued by tolerability issues \[[@B13]\]. Therefore, it is likely that for the next few years, ChEIs will remain the mainstay for the treatment of AD and LBD, or, more likely, they will be one important component of a medication \'cocktail\' used to treat these conditions. As such, optimisation of response and minimisation of adverse effects in individual patients is a priority. Understanding the pharmacogenetics \-- that is, the hereditary basis of person-to-person variability in the response to and adverse effects of ChEIs \-- may help better to achieve this goal. The clinical application of pharmacogenetics may allow clinicians to eventually target the \'right\' ChEI to the \'right\' patient, thereby circumventing the current \'trial and error\' approach to prescribing, with the significant potential of improving their cost-effectiveness.

The \'cholinesterase inhibitor-responsive dementias\': Alzheimer\'s disease and Lewy body disease
=================================================================================================

At its core, AD involves a progressive impairment of episodic memory,\[[@B14]\] with deficits in other cognitive domains, commonly visuospatial and executive functions, the latter being defined by complex, goal-directed behaviours including initiating, planning, organising, sequencing and abstracting. The declining ability to manage instrumental and self-care activities of daily living account for much of the disease burden \[[@B4]\]. These core features are incorporated into a new set of research diagnostic criteria, which recommend the use of genetic, cerebrospinal fluid (CSF) and imaging biomarkers to improve on the accuracy of diagnosis of AD \[[@B15]\]. While these clinical criteria permit the diagnosis of probable disease, definitive confirmation comes from the post-mortem identification of extracellular amyloid plaques consisting of dystrophic neurites surrounding a core of beta-amyloid (Aβ) protein, and intracellular neurofibrillary tangles formed from the hyperphosphorylated microtubule-associated protein Tau \[[@B16]\].

Dementia with Lewy bodies (DLB) and Parkinson\'s disease with dementia (PDD) are neurodegenerative disorders characterised by the pathological hallmark of intraneuronal Lewy bodies and neurites. These intraneuronal inclusions contain an aggregated, insoluble form of α-synuclein\--a presynaptic protein implicated in synaptic vesicle production \[[@B2]\]. As such, they are classified as synucleinopathies representing part of a similar disease spectrum, called diffuse Lewy body disease (LBD).

Like AD, DLB presents with forgetfulness, but the predominant cognitive profile includes an inattentive-dysexecutive syndrome with profound visuospatial disturbance \[[@B17]-[@B19]\]. DLB is also characterised by marked fluctuations in cognition and alertness, which can at times be severe enough to be mistaken for complex partial seizures. Sufferers of DLB are also plagued by hallucinations (usually visual), and atypical parkinsonism. In fact, marked fluctuations cognitive, visual hallucinations and spontaneous parkinsonism comprise the core clinical features of the disease, with several supportive and suggestive features also contributing \[[@B19]\].

Parkinson\'s disease, a related synucleinopathy, presents with early parkinsonism, including tremor, rigidity and bradykinesia, which respond well to dopaminergic therapy \[[@B20]\]. When someone with a diagnosis of Parkinson\'s Disease develops cognitive and neuropsychiatric decline similar to that seen in DLB more than one year after the onset of the motor symptoms, the disease evolution is considered to be PDD \[[@B2],[@B21]\]. At later stages, DLB and PDD are indistinguishable from each other on clinical, neurochemical and pathological grounds \[[@B17],[@B22],[@B23]\]. LBD will be used to refer to DLB and PDD in this paper. As with AD, the changes wrought by LBD result in marked functional decline, and the prominent behavioural symptoms often rapidly lead to institutionalisation. More often than not, LBD co-exists with Alzheimer\'s-type pathology in the brain, further demonstrating the overlap between these two devastating neurodegenerative disorders \[[@B24]\].

Therapy targeting the cholinergic system: Cholinesterase inhibitors
===================================================================

Both AD and LBD share an observed failure of the ascending cholinergic system of the brain. There is both marked neuronal dropout and reduced synaptic densities in projections from cholinergic neurones located in the substantia innominata of the basal forebrain, including the nucleus basalis of Meynert, which projects to all cortical areas, and the septal nuclei, projecting to the hippocampus \[[@B25]-[@B28]\]. The cholinergic deficits are more profound in LBD than in AD,\[[@B28]\] and many studies have suggested a more robust response to ChEIs in LBD than in AD. This is hypothesised to be on the basis that there is less actual cell loss and preservation of post-synaptic cholinergic receptors in LBD \[[@B23],[@B29]\]. The mainstay of treatment for the cognitive symptoms of AD and LBD is aimed at addressing the limbic and cortical cholinergic deficit common to both diseases. At present, there are three agents commonly used: donepezil, rivastigmine and galantamine.

A fourth ChEI, tacrine, has fallen out of favour because of liver enzyme elevations observed in up to 40-50 per cent of patients \[[@B30],[@B31]\]. A fifth, non-cholinergic agent, memantine, works through the alternative mechanism of N-methyl D aspartate (NMDA) receptor antagonism, whereby glutamatemediated excitotoxicity is reduced \[[@B32]\]. While this approach has some proven efficacy in moderate to severe AD, a review of this agent and its pharmacogenetic aspects is beyond the scope of this paper.

Pharmacology of cholinesterase inhibitors: Identification of candidate genes for pharmacogenetic studies
========================================================================================================

In order for a drug to exert its biological effect, it must first accumulate in the tissue(s) where its pharmacological \'target(s)\' is/are located. Pharmacokinetics (PK) explains how a drug achieves this by examining the drug concentration versus time relationships in an organism through mathematical modelling of its [a]{.ul}bsorption from site of [a]{.ul}dministration, its [d]{.ul}istribution in tissues throughout the body, its [m]{.ul}etabolism by various enzyme systems and its [e]{.ul}xcretion from the body (ADME framework) \[[@B33],[@B34]\]. Once a drug is concentrated in the tissue, it interacts with the \'target(s)\' through which the final biological effects are elicited (pharmacodynamic interaction). Specifically, pharmacodynamics (PD) describes the drug concentration versus effect relationships in an organism \[[@B33],[@B34]\]. The targets may include a variety of proteins, such as enzymes, receptors, transporters, ion channels and second messengers, among others. Alternatively, a drug may directly or indirectly interact with DNA or RNA to produce its biological effects. The PK-PD paradigm will now be applied to ChEIs to identify candidate genes for pharmacogenetic studies.

Pharmacokinetics of cholinesterase inhibitors
---------------------------------------------

Drug metabolism is one of the pivotal factors contributing to variability in the PK of ChEIs and other drugs \[[@B35]\]. Donepezil and galantamine are metabolised in the liver by cytochrome P450 2D6 (CYP2D6) and CYP3A4 enzymes \[[@B36],[@B37]\]. They undergo extensive first-pass metabolism. Of the major metabolites of donepezil, the CYP2D6 product has equal pharmacological activity to the parent compound, while the CYP3A4 metabolite is inactive. Therefore, variation in CYP3A4 metabolism should play a significant role in the variable clinical effects of donepezil. The main CYP2D6 metabolite of galantamine is three times more potent than the parent compound as a ChEI and can account for up to 20 per cent of an orally administered dose. Thus, variation in CYP2D6 metabolism might contribute to variability in the clinical effect of this drug. Galantamine clearance was found to be reduced by 25 per cent in poor metabolisers of CYP2D6 \[[@B36]\]. Redundant metabolic pathways, however, including CYP3A4 metabolism, make CYP2D6 polymorphism unlikely to be of consequence in determining its pharmacodynamic profile \[[@B38]\]. Unlike donepezil and galantamine, rivastigmine does not undergo significant hepatic microsomal oxidation by CYP enzymes. Instead, it is rapidly and extensively metabolised in the serum and at its site of action by cholinesterases \[[@B36],[@B37]\]. Following metabolism, it is quickly eliminated by the kidneys.

Pharmacodynamics of cholinesterase inhibitors
---------------------------------------------

ChEIs bind to and inhibit acetylcholinesterase (protein abbreviation: AChE; gene name: *ACHE*) and butyrylcholinesterase (protein abbreviation: BChE; gene name: *BCHE*), which are enzymes responsible for the hydrolysis of acetylcholine at the synapse \[[@B39],[@B40]\]. This inhibition increases the amount of synaptic acetylcholine available for nicotinic and muscarinic cholinergic receptor stimulation both centrally and peripherally. Central inhibition is necessary for their cognitive enhancing effects, while peripheral blockade is thought to be responsible for their common dose-dependent side effects. AChE and BChE are similar from a molecular perspective and have been well characterised in terms of their structure-activity relationships. The proteins form a central gorge area, within which lie two types of molecular binding sites, an anionic and an esteratic site \[[@B39]\]. The central esteratic site is where the hydrolysis of acetylcholine and related molecules takes place, while the anionic site binds to the cationic quaternary nitrogen of choline \[[@B39],[@B40]\]. Similar sites reside peripherally in these enzymes and are responsible for docking and facilitating the transport of acetylcholine to the central sites. Theoretically, genetic polymorphisms causing amino acid changes at either the gorge or peripheral sites could lead to variation in synaptic acetylcholine levels.

Donepezil and galantamine are short-acting competitive inhibitors, which bind reversibly to cholinesterases \[[@B36]\]. By contrast, rivastigmine is actively metabolised by cholinesterases, thus making it an intermediate-acting or \'pseudo-irreversible\' inhibitor \[[@B36]\]. Although all three drugs have an affinity for both AChE and BChE, donepezil and galantamine selectively inhibit AChE to a greater extent than BChE, whereas rivastigmine has equal affinity for both \[[@B36]\]. Rivastigmine, through this additional blockade of BChE, is thought to be of particular benefit in LBD \[[@B29],[@B41],[@B42]\]. The ChEIs indirectly increase acetylcholine neurotransmission by facilitating stimulation at muscarinic and nicotinic receptors. Additionally, galantamine modulates nicotinic receptors\--particularly those comprising α7 subunits\--by binding to an allosteric site and further enhancing cholinergic neurotransmission \[[@B43]\]. As a consequence, we can anticipate that genetic polymorphism within *ACHE*will be qualitatively more important for the pharmacogenetics of donepezil and galantamine. Polymorphisms within both *ACHE*and *BCHE*should theoretically have equal importance to the pharmacogenetics of rivastigmine. Polymorphisms within the gene encoding the α7-nicotinic receptor (*CHRNA7*) may have increased importance in the pharmacogenetics of galantamine.

Variability in treatment response and side effects to cholinesterase inhibitors: Pharmacogenetics and pharmacogenomics
======================================================================================================================

Clinically, there is significant variability in the response and side effects to ChEIs in AD and LBD, ranging from no response or gradual worsening, to a slowed rate of symptomatic decline, to improvement in cognition and behaviour, although this is time limited \[[@B37],[@B44]-[@B46]\]. Both genetic and environmental factors probably play a role in the variability of drug responses, which display complex, non-Mendelian patterns of inheritance \[[@B47]-[@B49]\]. Pharmacogenetics may help to shed light on this variability in the treatment response and side effects to ChEIs.

Interestingly, one of the initial observations which originated the field of pharmacogenetics has direct relevance to ChEIs. This was the discovery of atypical plasma cholinesterase or pseudocholinesterase \[[@B50]\]. In the 1950s, Professor Werner Kalow, one of the founding fathers of pharmacogenetics, studied plasma cholinesterase activity in two patients with schizophrenia who had prolonged apnoea in response to the paralytic agent, succinylcholine. He found that their plasma cholinesterase activity was low and postulated that this was due to a genetic change in the enzyme which gave rise to a low affinity for the drug. By studying plasma cholinesterase activity in family members of these patients, he demonstrated that the patients had the lowest enzyme activity, while their parents had intermediate activity and controls had normal activity. He postulated that the patients each had two abnormal copies of the gene encoding plasma cholinesterase, that their parents had one normal and one abnormal copy, and that controls had two normal copies, consistent with a Mendelian pattern of co-dominant inheritance \[[@B51]\]. Another contemporary group demonstrated similar findings \[[@B52]\]. Later, the gene encoding plasma cholinesterase was recognised to be *BCHE*, and currently more than 40 mutations have been discovered, several of which alter protein function or expression;\[[@B39]\] the two most common mutations altering enzyme function are the K-variant, which was named after Professor Kalow, and the atypical variant.

Since these initial observations, the field of pharmacogenetics has vastly expanded and molecular genetic techniques are being widely applied to identify genetic factors in the variability of drug responses and side effects. To date, the majority of pharmacogenetic studies of ChEIs in AD and LBD have employed the candidate gene association strategy. This entails collecting large number of samples from unrelated individuals with either AD or LBD who are being initiated on ChEI therapy. Data can be collected either prospectively or retrospectively, and clinical response is measured using psychometric scales such as the Alzheimer\'s Disease Assessment Scale (ADAS)-Cognitive (Cog) sub-scale \[[@B53]\]. Behavioural, functional and quality of life measures are also commonly used. Clinical response status over time can be defined based on an appropriate cut-off score or, alternatively, mean change in scores over time can be used as a quantitative measure. Adverse effects can also be measured in terms of frequency, or quantified using a rating scale of severity. Candidate genes with informative polymorphisms are then selected and genotyped in the study population. These polymorphisms are statistically associated with the response or adverse effect phenotype to determine their ability to predict them.

The decision to study a particular candidate gene should be based on the degree to which its protein product interacts with the drug. It is a requirement of the genetic association approach that there is prior evidence suggesting a role for the candidate gene in the phenotype of interest \[[@B54]\]. As previously proposed, \'direct\' candidate gene polymorphisms have a higher *a priori*likelihood of being associated with the drug response phenotype and will account for a larger proportion of the variance in response \[[@B49]\]. As an example, *ACHE*would be considered a \'direct\' candidate gene\--since the enzyme, AChE, is directly inhibited by all ChEIs. Other \'direct\' candidate genes include *BCHE*, the protein product of which is strongly inhibited by rivastigmine; *CHRNA7*, the protein product of which is modulated by galantamine; and *CYP2D6*and *CYP3A4*, which code for enzymes involved in the metabolism of donepezil and galantamine. This contrasts with \'indirect\' candidate genes which may be linked either upstream or downstream of the final common pathway of drug response \[[@B49]\]. Apolipoprotein E (gene name: *APOE*), discussed in the following section, represents an \'indirect\' candidate gene, since there is no known direct interaction between its protein product and ChEIs. Polymorphisms within the candidate genes which have functional consequences or which alter protein levels should preferably be genotyped, rather than those which are silent or nonfunctional, and by studying the former, one can increase the prior probability of detecting a valid association \[[@B55]\]. The rationale for examining nonfunctional polymorphisms is that they may be in linkage disequilibrium with functional variants elsewhere in the gene, or even in nearby genes.

The strength of the candidate gene strategy is that it is hypothesis driven and, as such, the total number of candidate genes selected based on the known PK and PD of the drug will allow a prior level of significance to be set for the overall analysis, thereby making it easier to control for multiple testing. One limitation of this approach is that there are probably other unknown genes involved in the drug\'s metabolism or mechanisms of action, and these will be missed using a candidate gene strategy \[[@B47]\]. Genome-wide approaches using single nucleotide polymorphisms (SNPs) may facilitate identification of pharmacogenomic \'hot spots\' for drug responses \[[@B56]\]. The two methodologies should be used together to maximise the identification of genetic predictors of ChEI drug responses. To our knowledge, no genome-wide association studies have been published to date on ChEI pharmacogenetics.

Pharmacogenetics of cholinesterase inhibitors: Studies published to date
========================================================================

*APOE*and clinical response in AD
---------------------------------

The *APOE*gene, located on chromosome 19q13.2, encodes human apolipoprotein E, a membrane-bound apoprotein involved in lipid metabolism. There are three allelic variants: ε2, ε3 and ε4. These are determined by the amino acids at positions 112 and 158. A cysteine at both sites confers the ε2 allele, while an arginine at both sites confers the ε4 allele. Cysteine at codon 112 and arginine at codon 158 produce the most frequent allele, ε3. In case-control studies, it has consistently been shown that the ε4 allele frequency is higher in patients with AD; there is a lower likelihood of developing AD in those with only the ε2 allele \[[@B57],[@B58]\]. Furthermore, there is a gene dosage effect, whereby ε4 homozygotes have an earlier age of onset than ε4 heterozygotes, and individuals with the ε2 allele have a later age of onset \[[@B57]\]. The exact mechanism by which *APOE*ε4 contributes to the pathogenesis of AD is disputed, with alterations in Aβ aggregation, lipid metabolism and synaptic plasticity as three, possibly complementary, modes of action \[[@B59]\].

In a small subgroup of AD patients from a large RCT,\[[@B30]\] Poirier and colleagues \[[@B60]\] were the first to demonstrate that \>80 per cent of AD patients without *APOE*ε4 showed an improvement in response to tacrine after 30 weeks of treatment, whereas \>60 per cent of *APOE*ε4-positive patients demonstrated no change, or worsening. These results have been supported by another study examining cognitive responses to tacrine \[[@B61]\]. In a retrospective analysis of the entire RCTof Knapp *et al*.,\[[@B30]\] there was also a trend towards non-carriers of *APOE*ε4 having a better response than ε4 carriers. This observed trend became significant in treated females without *APOE*ε4, compared with those with *APOE*ε4 \[[@B62]\]. Two other studies, one examining the donepezil response and one examining the galantamine response, showed the opposite effect, whereby the *APOE*ε4 allele was associated with an improved or stabilised cognitive response \[[@B63],[@B64]\]. Several negative associations of *APOE*polymorphism and responses to ChEIs (tacrine, donepezil, rivastigmine and galantamine) have also been reported, however; that is, there was no specific *APOE*genotype or allele which predicted clinical response to ChEIs \[[@B65]-[@B74]\].

In a large RCT of patients with a diagnosis of amnestic mild cognitive impairment (MCI), thought to be a prodromal state of AD, the presence of the *APOE*ε4 allele predicted a higher rate of conversion to AD in the overall sample at 36 months \[[@B75]\]. Patients were randomised to either treatment with donepezil, vitamin E or placebo. Only treatment with donepezil in the first 12 months of the study was associated with a reduced conversion rate to AD. This benefit of donepezil extended to 36 months in patients with either one or two *APOE*ε4 alleles. Another large RCT of rivastigmine (the Investigation Into Delay to Diagnosis of Alzheimer\'s Disease with Exelon \[InDDEx\] study) to determine if it could delay conversion of MCI to AD demonstrated no efficacy and no differences in relation to *APOE*allele frequencies between treated- and placeboarm patients \[[@B76]\].

Butyrylcholinesterase and clinical response in AD and LBD
---------------------------------------------------------

*BCHE*is located on chromosome 3q26 \[[@B39]\]. Within the brain, BChE localises to neurones and glial and endothelial cells innervated by cholinergic projections. Much of the central activity of BChE is glial in origin, with highest densities found in deep cortical and subcortical regions. Although BChE-positive neurones occur less frequently than AChE-positive neurones, they are localised to specific neuronal groups within the amygdala, hippocampus and thalamus, which reciprocally innervate prefrontal cortical regions that are important in the regulation of apathy, attention and executive functions. BChE activity has been shown to increase with progression of AD, while AChE activity decreases \[[@B27]\]. This increase in BChE activity may alter Aβ metabolism and facilitate transformation of benign plaques into more malignant forms \[[@B29]\]. Given that rivastigmine is a highly selective BChE blocker, it may differentially improve attention and executive functions in AD and LBD compared with donepezil and galantamine. For a comprehensive review of the role of BChE in regulating attentional performance and executive functions in fronto-subcortical dementias and AD, please see Bullock and Lane \[[@B29]\].

Two important *BCHE*polymorphisms have been studied in relation to ChEI therapy. These are the atypical variant (Aspartate70Glycine) and the K-variant (Alanine539Threonine). Each of these variants reduces the activity of BChE by about 30 per cent \[[@B39]\]. The K-variant has a population frequency of about 10 per cent, while that of the atypical variant is about 13 per cent, with some people carrying both variants \[[@B39]\]. In subgroups of genotyped patients with a diagnosis of MCI or AD involved in clinical trials of rivastigmine, the frequency of the K-variant was approximately 30 per cent \[[@B41],[@B76]\]. It is unclear whether this was due to an increased frequency of the K-variant in the disease state or whether this was due to some other bias in the studies.

O\'Brien *et al*.\[[@B77]\] were the first to demonstrate that patients with DLB homozygous for the reduced-activity K-variant and/or heterozygous for the atypical variant of *BCHE*have preserved attentional performance and a slower rate of cognitive decline than those with the wild-type variant (WT). Furthermore, patients homozygous for the WT *BCHE*variant showed improved attention in response to rivastigmine, whereas individuals with the reduced-activity variants did not. This was proposed to be due to a ceiling effect in patients with the reduced-activity variants \[[@B77]\]. In other words, patients possessing the reduced activity K- and/or atypical variants of *BCHE*behaved as if they had a \'builtin\' ChEI and therefore did not benefit from any further blockade by rivastigmine.

In a post-hoc analysis of a large, six-month, placebo-controlled trial of rivastigmine in PDD, it was demonstrated that individuals with the WT *BCHE*variant in the placebo arm declined more rapidly in terms of measures of attention and executive functions, than those with the K-variant \[[@B29]\]. Furthermore, only individuals with the WT *BCHE*variant\--and not those with the K-variant\--responded favourably to rivastigmine on measures of attention and executive functions \[[@B29]\]. This result is similar to that seen in the DLB study of O\'Brien *et al*.\[[@B77]\]

In a large, double-blind, head-to-head trial of rivastigmine versus donepezil in patients with moderate AD, rivastigmine had a modest benefit over donepezil in terms of improving function in patients\' activities of daily living \[[@B78]\]. This benefit was enhanced in patients with concomitant vascular risk factors, and in those with clinically suspected DLB and/or parkinsonian symptoms, supporting the hypothesis that BChE inhibition might be more beneficial for patients with fronto-subcortical dementias. Of note, this benefit was also significantly enhanced in those with WT *BCHE*and less apparent in those with the K-variant, providing further evidence that *BCHE*polymorphism may alter responsiveness to rivastigmine \[[@B78]\].

There is some evidence to suggest that younger patients with AD have a heavier burden of Aβ pathology than older patients, with a resulting more profound cholinergic deficit \[[@B29]\]. Based on this premise, a subgroup of patients from Bullock *et al*.\[[@B78]\] with AD, younger than 75 years, was retrospectively stratified and analysed according to whether they had the WTor K-variant of *BCHE*\[[@B41]\]. It was shown that the group of patients with the WT variant had better cognitive, behavioural and functional responses to rivastigmine than to donepezil, whereas similar responses to the two drugs were observed in the K-variant group \[[@B41]\]. This was a subgroup analysis and would need replication in a large sample, but it could suggest that a beneficial response to rivastigmine may depend on genetic variation within *BCHE*, with WT individuals having a more favourable response and those with the K-variant having a blunted response.

A post-hoc analysis of an RCT of rivastigmine (InDDEx) demonstrated that fewer women with MCI converted to dementia on rivastigmine treatment if they were homozygous for the *BCHE*K-variant, compared to similar patients treated with placebo \[[@B76]\]. Caution must be exercised in interpreting the results from such post-hoc, subgroup analyses, given that the biological basis for the observation may be weak and that the trials were neither designed for nor sufficiently powered to identify statistical differences.

*CYP2D6*and ChEIs
-----------------

In a small sample of AD patients treated with donepezil for at least three months, steadystate plasma concentrations and cognitive responsiveness was determined based on *CYP2D6*genotype \[[@B79]\]. Although no poor metabolisers were identified, homozygous extensive and ultrarapid metabolisers had a trend towards lower steadystate plasma concentrations than heterozygous extensive metabolisers. The heterozygous extensive metabolisers also had a better clinical outcome than homozygous extensive metabolisers and ultrarapid metabolisers. To our knowledge, there have been no published studies examining the role of *CYP2D6*polymorphism in response to galantamine to date.

Pharmacogenetics of adverse effects to ChEIs
--------------------------------------------

Blockade of AChE and BChE by ChEIs in the peripheral autonomic nervous system may be responsible for the common dose-dependent side effects, including nausea, vomiting, anorexia and diarrhoea,\[[@B11]\] although stimulation of brain stem centres may also play a role. Headache and dizziness are also relatively frequent and may reflect more central effects. Recently, a population-based cohort study of dementia patients using administrative data demonstrated that ChEIs are associated with an increased risk of syncope, bradycardia, pacemaker insertion and hip fracture \[[@B80]\]. There is a paucity of literature examining the pharmacogenetics of adverse events to ChEIs. Future research on this topic is warranted and will be important in determining the true cost-effectiveness of these drugs.

Tacrine has been shown significantly to slow cognitive deterioration, as well as improve the behavioural symptoms of AD \[[@B81]\]. Given its effectiveness, attempts have been made to identify genetic predictors of its hepatotoxicity, with the ultimate goal of improving its safety profile. Biotransformation of tacrine to reactive metabolites via CYP1A2 is thought to contribute to tacrine-induced liver dysfunction. Glutathione-S-transferase, a phase II enzyme, detoxifies the reactive intermediate via glutathione conjugation \[[@B82]\]. Several studies have not shown an association between individual null genotypes of the glutathione-S-transferase mu (*GSTM1*) and theta (*GSTT1*) subtypes and tacrine hepatotoxicity in patients suffering from AD \[[@B83]-[@B85]\]. One study demonstrated that combined null genotypes of *GSTM1*and *GSTT1*increased susceptibility to tacrine hepatotoxicity, however \[[@B86]\]. Another study examining 241 SNPs across 19 candidate genes demonstrated an association between three SNPs in a drug transporter gene, *ABCB4*, encoding the multidrug resistance protein 3 (MDR3), and elevated alanine aminotransferase (ALT) levels (an index of hepatic function), but this did not survive correction for multiple testing \[[@B87]\]. Carr *et al*.,\[[@B88]\] using a hepatic gene expression microarray analysis in rats, administered a single dose of tacrine and demonstrated an elevation in several acute phase reactant proteins regulated by interleukin-6 (IL-6). Seventeen polymorphisms within IL-6 were studied in a group of AD patients treated with tacrine, and five of these were associated with elevated ALT levels \[[@B88]\]. These preliminary findings need to be replicated and validated in larger studies.

One small study of galantamine response and adverse effects in AD demonstrated that *APOE*ε4 carriers were more likely to have weight loss, as compared with non-carriers \[[@B73]\]. Caution should be exercised in interpreting these results, since only 12 patients out of 202 had weight loss, making statistical power low. To our knowledge, to date there have been no studies published which examine the pharmacogenetics of the adverse effects to donepezil or rivastigmine.

Defining the response to cholinesterase inhibitors: The challenges
==================================================================

To date, Pharmacogenetic studies of ChEIs in AD and LBD have not demonstrated consistent results, making their reliability for predicting response low. This may be due to the complex, non-Mendelian nature of the phenotype of ChEI responsiveness and adverse effects. For example, polymorphism in one particular candidate gene may contribute to the phenotype of response in one particular group of patients, whereas polymorphism in different candidate genes may be operating in others (ie there is genetic heterogeneity). Alternatively, polymorphisms across several candidate genes may interact, and each may contribute a small proportion to the total variance observed in the phenotype of ChEI response (ie polygenic inheritance). Environmental and epigenetic factors probably also contribute to the complexity of this pharmacogenetic phenotype. Sample size and power limitations, issues with multiple testing and population stratification also confound results \[[@B49]\].

Heterogeneity in clinical methodology may, however, play the most significant role. One of the main reasons for inconsistent results among studies of ChEIs is difficulty in defining what comprises a good response to these drugs. Phenotypes of cognitive, behavioural and functional responses to ChEIs and other neuropsychotropic drugs are extremely complex to measure because of a number of potential confounding factors. First, symptoms of dementia are subjectively described by either the patient or caregiver, or observed and interpreted by the clinician. Despite the use of \'objective\' psychometric measures in quantifying these symptoms, ultimately the subjective nature of the initial description or interpretation will add \'noise\' or error into any statistical analysis of response. Secondly, the high variability among clinicians/raters can further confound the determination of response. Thirdly, there are several different measures available to assess response, and this leads to heterogeneity in clinical assessment. The use of standardised neuropsychological measures may help to overcome these issues, as these probe the function of specific neural circuits involved in cognition and demonstrate high validity and reliability. Current instruments used, however\--particularly the ADAS-Cog\--are relatively insensitive in the executive cognitive domain, particularly attention, which may show the greatest responsiveness to ChEIs \[[@B89]\]. Alternatively, the development of endophenotypes of the response to ChEIs, defined by CSF biomarkers and/or structural and functional neuroimaging, holds great promise in terms of bridging the large gap that exists between the basic underlying pathophysiological mechanisms and the ultimate clinical expression of the disease \[[@B90]-[@B92]\]. Endophenotypes are latent traits (eg physiological, biochemical, cognitive or radiographic) that are related to the global phenotype of response to a drug, but are also more closely linked to underlying genetic factors \[[@B93]\]. Importantly, a recent study confirmed the power of using endophenotypes for genetic association data in a cohort of AD patients, whereby the presence of *APOE*ε4 was associated most strongly with a quantitative score of AD brain pathology, followed by measures of cognitive function before death, and most weakly with clinical diagnosis of AD \[[@B94]\]. Figure [1](#F1){ref-type="fig"} is a schematic diagram demonstrating the use of endophenotypes in ChEI responsiveness.

![**Hypothetical genotype-phenotype correlations in response to cholinesterase inhibitor (ChEI) X in Alzheimer\'s disease**. The CYP2D6 enzyme is the major metaboliser in the pharmacokinetics of ChEI X, while acetylcholinesterase is the main pharmacodynamic target. (A) Polymorphisms in CYP2D6 and acetylcholinesterase are weakly associated with response and adverse effects to drug X because there are many unknown steps linking the genotype to the phenotype. (B) Polymorphisms in CYP2D6 and acetylcholinesterase are strongly associated with endophenotypes, which are more closely linked to the drug response and adverse effect phenotype. The endophenotypes illustrated include: drug X-to-metabolite X ratio, which provides an index of CYP2D6 activity and varies depending on which *CYP2D6*genotype/allele is possessed; and a single photon emission computed tomography (SPECT) scan showing reduced perfusion in biparietal areas (red arrows), which hypothetically improves after treatment with drug X, depending on which genotype/allele is present. Orange colours on SPECT indicate higher perfusion, while purple/blue colours indicate reduced perfusion. Abbreviations: PK = pharmacokinetic; PD = pharmacodynamic.](1479-7364-4-2-91-1){#F1}

A good endophenotype or biomarker of dementia progression should meet the following proposed criteria: 1) scientific plausibility; 2) ability to detect change with disease progression; 3) easily measurable, valid and reliable; 4) affordable; and 5) readily available \[[@B90],[@B92]\]. It is possible that endophenotypes of ChEI responsiveness in AD and LBD will be sensitive in demonstrating disease modification at the pathophysiological level (eg cholinesterase inhibition, cholinergic receptor density upregulation, increased metabolism, reduction in Aβ), thereby allowing for a reduced sample size in clinical trials of these drugs \[[@B92]\]. We will therefore briefly review some examples of neuropsychological and neuroimaging endophenotypes that are potentially useful in pharmacogenetic studies of ChEI response. Other endophenotypes, not discussed in this paper, but which are \'up and coming\' include serum and CSF biomarkers of cholinesterase activity and of AD itself (eg CSF Aβ1-42 and Tau levels) \[[@B95],[@B96]\].

Cholinesterase inhibitor therapy: *APOE, BCHE*, executive functions and hippocampal atrophy on magnetic resonance imaging
-------------------------------------------------------------------------------------------------------------------------

Hippocampal atrophy is a magnetic resonance imaging (MRI) finding commonly associated with AD \[[@B97]\].Jack Jr. *et al*.\[[@B98]\] found no relationship between hippocampal volumes on MRI and *APOE*genotype in controls and patients with AD, although both were independently associated with the diagnosis of AD. Other studies have shown that the *APOE*ε4 allele is associated with accelerated rates of hippocampal atrophy in AD \[[@B99]\]. This has been confirmed by more recent data from the Alzheimer\'s Disease Neuroimaging Initiative (ADNI), a large, multicentre, prospective study of AD, MCI and normal controls. The *APOE*ε4 allele predicted more rapid hippocampal atrophy over a 12-month period in AD patients \[[@B100]\]. In patients with a diagnosis of MCI, the presence of the *APOE*ε4 allele was associated with more severe hippocampal atrophy and cognitive dysfunction than those without this allele \[[@B62],[@B101]\]. A post-hoc analysis of a large clinical trial of rivastigmine demonstrated that MCI patients in the placebo arm were more likely to convert to AD and have worse hippocampal volumetric loss if they were both *APOE*ε4 and K-variant *BCHE*carriers, compared with those without the ε4 allele who also had at least one K-allele; pharmacogenetics data were not presented for the rivastigmine-treated group \[[@B102]\].

Given that hippocampal atrophy can progress over a short time period in AD, it might represent a good endophenotype of ChEI responsiveness. Although donepezil treatment reduced the rate of hippocampal atrophy and improved cognitive symptoms in AD patients, no interaction between the *APOE*genotype and donepezil treatment was observed \[[@B103]\]. In a group of MCI patients treated with donepezil, however, a trend was observed whereby hippocampal atrophy rates were slower in treated patients who were *APOE*ε4 carriers \[[@B104]\].

Using MRI in patients with vascular dementia, AD and cognitive impairment (not demented), Swartz *et al*.\[[@B105]\] were the first to demonstrate that the severity of ischaemic white matter hyperintensities strategically involving the ascending cholinergic pathways was inversely correlated with hippocampal width (measure of atrophy) across all groups. AD patients with moderate to severe ischaemic cholinergic pathway involvement, using a rating scale, performed worse on measures of executive function and visuospatial attention, despite similar measures of global impairment and memory dysfunction, compared with those with minimal involvement of these pathways \[[@B105],[@B106]\]. AD patients with involvement of the cholinergic pathways by ischaemic white matter disease on MRI showed less decline over one year on tests of executive function and working memory when started on ChEIs, compared with those without this ischaemic burden \[[@B107]\]. Similar responses to ChEIs between the groups were observed for overall cognition, function and behaviour, and on memory, language and visuospatial tasks \[[@B107]\]. That is to say, cognitive tasks probing executive functions appeared to be more sensitive in detecting potential beneficial responses to ChEIs than those probing other cognitive domains, and may be useful as an endophenotype \[[@B29]\].

Alterations in cerebral acetylcholinesterase activity and glucose metabolism using positron emission tomography in response to cholinesterase inhibitors
--------------------------------------------------------------------------------------------------------------------------------------------------------

Kuhl *et al*.\[[@B108]\] demonstrated an approximate 50 per cent reduction in brain AChE activity *in vivo*using N-\[11C\] methylpiperidin-4-yl propionate (\[11C\] PMP) positron emission tomography (PET) after infusion of physostigmine, a ChEI, in normal individuals. AD patients demonstrated a reduction in this enzyme activity at baseline compared with controls \[[@B108]\]. In patients with AD, the degree of cortical AChE inhibition by donepezil correlated with patient improvement in cognitive function, particularly for measures of attention and executive functions \[[@B109]\]. Patients with PD and PDD also demonstrated reduced brain AChE activity *in vivo*compared with controls using similar methods. The AChE activity correlated with cognitive measures of attention, working memory and executive functions \[[@B110]\].

^18^F-fluorodeoxyglucose (FDG)-PET is sensitive in detecting changes in cerebral glucose metabolism after treatment with ChEIs. The clinical benefits of metrifonate, an organophosphate-based ChEI never marketed due to respiratory side effects, were associated with increased metabolic activity in the left dorsolateral prefrontal network and bilateral temporal cortices in AD patients \[[@B111]\]. Potkin *et al*.\[[@B112]\] conducted a double-blind, placebo-controlled trial examining the clinical and metabolic effects of rivastigmine in 27 patients with mild to moderate AD. Good responders to rivastigmine had an increase in cortical metabolism (hippocampal and prefrontal regions) compared with non-responders and placebo.

Alterations in brain perfusion using single photon emission computed tomography in response to cholinesterase inhibitor therapy
-------------------------------------------------------------------------------------------------------------------------------

Single photon emission computed tomography (SPECT) has also demonstrated utility in detecting changes in regional cerebral blood flow (rCBF) in response to ChEI in AD. In 27 patients with mild AD, enhanced rCBF in frontal, temporal and parietal areas correlated with psychometric improvement in responders versus non-responders to rivastigmine and in untreated patients \[[@B113]\]. rCBF was preserved in the bilateral anterior cingulate gyri, right middle temporal gyrus, right inferior parietal lobule and prefrontal cortex in AD patients treated with donepezil for one year versus placebo \[[@B114]\]. Similar findings with donepezil treatment of AD were shown in other studies \[[@B115],[@B116]\]. In a combined sample of AD and vascular dementia (VaD) patients, Lojkowska *et al*.\[[@B117]\] observed that, in patients treated with rivastigmine, an increase in rCBF occurred in frontal regions for VaD and temporal regions for AD versus untreated patients. The beneficial effects of ChEI therapy in AD were accompanied by an increase in perfusion in the right anterior cingulate, dorsolateral prefrontal and temporoparietal areas bilaterally in another study \[[@B118]\]. Donepezil also improved neuropsychiatric symptoms of dysphoria, apathy and anxiety in AD, which correlated with an accompanying increase in rCBF in premotor areas and parietotemporal cortices in responders \[[@B119]\]. Although participant numbers were relatively small, these findings suggest that perfusion changes on SPECT after treatment with ChEI could be a useful endophenotype with which to assess pharmacotherapeutic response in AD, particularly given its wide availability.

With respect to ChEI therapy and change in rCBF via SPECT in LBD, initial case reports demonstrated a beneficial effect of donepezil that correlated well with a diffuse increase in CBF after treatment \[[@B120],[@B121]\]. In 29 patients with LBD, 14 with PDD and 15 with DLB, O\'Brien *et al*.\[[@B122]\] demonstrated that a decrease in hallucinations in response to ChEIs was associated with increased perfusion in the midline parietal region, including posterior cingulate, precuneus and superior parts of the cuneus. Another study in 20 patients with DLB demonstrated that after treatment with donepezil, Mini-Mental State Examination (MMSE) and Neuropsychiatric Inventory (NPI) scores improved over 12 weeks of therapy. Improvement in visual hallucinations was most significant, and this correlated with improved rCBF in bilateral occipital association cortices \[[@B123]\]. Ceravalo *et al*.\[[@B124]\] examined cognitive responsiveness to rivastigmine and donepezil and brain perfusion using SPECT in 19 patients with PDD. After six months of treatment, cognitive scores improved\--mostly in domains of concentration and executive functions\--and this correlated with increased rCBF in bilateral anterior cingulate, as well as superior, middle and inferior frontal gyri, areas, which are implicated in tasks involving attention and executive functions.

Both PET and SPECT studies are able to detect change before and after ChEI therapy in AD and LBD. Although PET has higher spatial resolution than SPECT, SPECT radioisotopes have a longer half-life and are cheaper, making it more widely available and potentially more cost-effective to use in clinical studies of dementia and ChEI response endophenotypes \[[@B125]\].

Conclusions and future directions
=================================

Clarifying the pharmacogenetic profile of individual ChEIs in the symptomatic treatment of AD and LBD will remain an important line of investigation, as these drugs will probably continue to play a role in the management of these devastating disorders in the foreseeable future. To date, genetic polymorphism within *APOE*and *BCHE*has been shown to contribute to inter-individual variability in response to ChEIs in these conditions, although the findings are not always consistent across studies. A promising line of research includes the use of endophenotypes of the response to ChEIs, which should facilitate a better understanding of the mechanisms of action of these drugs and their relationship to the underlying pharmacogenetic predisposition. As reliable and more robust endophenotypes of AD and LBD are discovered, newer drugs can be tested in smaller samples, which, theoretically, could facilitate faster movement of these agents down the drug development pipeline, bringing them to market sooner.

Future prospective studies of ChEI response and adverse effects should be designed specifically for the identification of genetic susceptibility to these drug-related traits, taking into account allele frequencies for the candidate genes being examined *a priori*. To date, studies have used samples obtained from prospective or retrospective clinical trials with post-hoc analysis of genetic hypotheses, which is far from optimal. Furthermore, multiple loci across the candidate genes should be examined to construct haplotypes which may be associated with ChEI response and adverse effects. Interactions between candidate gene polymorphisms should also be explored, given that these phenotypes are probably polygenic.

In the future, this pharmacogenetics research has the potential to lead to simple, fast and inexpensive DNA tests to identify ChEI response status and predisposition to side effects in patients suffering from AD and LBD. This would equip physicians with useful information to assist them in making a decision about which drug to use, at what dose and in whom to initiate treatment. This \'personalised pharmacotherapy\' will have significant potential to spare the patient from side effects and maximise a positive response to the medication. Furthermore, patients can be sub-grouped for research and clinical trials based on their pharmacogenetic profile, which may salvage drugs which would fail in the overall clinical population \[[@B126]\]. This research may also aid in elucidating the mechanism of action of ChEIs, and thus may help in the design of new, more efficacious therapeutic agents. Additionally, this research will contribute to a better understanding of the pathogenesis of these complex diseases.
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